Aim: A number of evidence shows that the differentiation of B lymphocytes into plasma cells plays an important role in lupus pathogenesis. In this study we investigated how prednisone, a classical therapeutic drug for autoimmune diseases, regulated plasma cell differentiation in MRL/MpSlac-lpr mice. Methods: MRL/lpr mice were treated with prednisone (2.5 or 5 mg· kg -1 ·d -1 , ig) for 13 weeks, and the proteinuria levels and survival times were monitored. After the mice were euthanized, blood sample, spleen and thymus were collected. The serum levels of anti-dsDNA antibody, anti-nuclear antibody, IL-21, and IL-10 were detected using ELISA kits. Subsets of splenic B and T lymphocytes were quantified with flow cytometry. Transcription factor Blimp-1 and Bcl-6 expression was determined using qPCR and Western blot. Results: Prednisone treatment dose-dependently attenuated the lupus symptoms in MRL/lpr mice with decreased proteinuria levels, prolonged survival times, decreased serum anti-nuclear antibody levels, and reduced spleen and thymus indices. Prednisone treatment also significantly decreased the elevated percentages of plasma cells and plasma cell precursors, decreased the percentages of activated T cells, and increased the frequency of CD4
Introduction
Autoimmune diseases, such as systematic lupus erythematosus (SLE), are characterized by substantial autoantibodies against various nuclear antigens, the appearance of deposition masses of immune complexes and leukocyte infiltration [1] . The pathogenesis of SLE remains ambiguous. An antibody-independent role of B cells has been previously identified based on evidence that mice with B cells that lack serum antibodies still develop nephritis and vasculitis [2] . A previous study has suggested that FasL + B cells and FasL + CD4 CD8 double negative (DN) T cells may contribute to the cytotoxic destruction of Fas + tissues in MRL/lpr mice [3] . In addition, most studies have reported that the hyper-interaction between T lymphocytes and B lymphocytes is involved [4] . Moreover, B cell hyperactivity and spontaneous antibody production have been reported in SLE. The important roles of B cells have been confirmed in a previous study in which lupus disease was abrogated in B cell-deficient MRL/lpr mice [5, 6] . In the peripheral blood of SLE patients, the frequency of circulating plasma cells (PCs) correlates with autoantibody production and disease activity, as measured by the SLEDAI scoring system [7, 8] . This finding indicates that the differentiation process of B lymphocytes into plasma cells plays an important role in lupus pathogenesis.
In healthy conditions, plasma cells possess the capacity to combat an extraneous pathogen via the secretion of various antibodies. However, these cells tend to trigger autoimmune disease via the production of autoantibodies against their own tissues. Many studies have demonstrated the hyperactivation of B cells and the presence of excessive plasma cells in autoimmune diseases [9, 10] . Therefore, it is essential to achieve a better understanding of plasma cell differentiation. In addition, the control of plasma cell differentiation may represent a promising direction for the therapy of autoimmune diseases.
There are many regulatory factors involved in plasma cell differentiation. High levels of interleukin-21 (IL-21) and IL-21 mRNA have been identified in the serum of SLE patients [11, 12] . The neutralization of IL-21 with an IL-21R fusion protein markedly inhibited T cell-dependent B cell activation [13] . Similar to IL-21, IL-10 also promotes plasma cell differentiation at different stages [14] . Furthermore, both B lymphocyte-induced maturation protein-1 (Blimp-1) and B cell lymphoma-6 (Bcl-6) are important transcription factors that antagonize each other in deciding the fate of B cells, and the balance between these two factors is critical in plasma cell differentiation. Blimp-1 is a key regulator in plasma cell differentiation. It was first identified as a susceptibility loci in SLE patients via genome-wide association studies in 2009 [15] . The increased expression of Blimp-1 in MRL/lpr mice and SLE patients is associated with increased plasma cells, autoantibodies, and disease activity [16] . Mice with B cells that lack Blimp-1 are nearly absent of serum Ig and plasma cells. These findings demonstrate that Blimp-1 is required for plasma cell differentiation and antibody secretion [17] . However, Bcl-6, which is primarily expressed in germinal center B (GC-B) cells and follicular helper T (T FH ) cells, is a crucial inducer of GC-B cell proliferation and an inhibitor of the DNA-damage response [18] . Bcl-6-deficient mice exhibit difficulties in GC and T FH cell development, which consequently results in a defection in T cell-dependent antibody responses [19] [20] [21] . Investigation of the relationship and functions of IL-21, Blimp-1, and Bcl-6 may facilitate our understanding of the plasma cell differentiation process.
Clinically, there are many different types of treatments for autoimmune diseases, such as immunosuppression, hormonotherapy, and B-cell targeted therapies [22] [23] [24] [25] . However, as a classical and basic therapeutic drug for autoimmune disease, glucocorticoids have been applied for decades because of their strong anti-inflammatory and immunosuppressive effects. However, the mechanism of glucocorticoid regulation of plasma cell differentiation has not been elucidated. The exploration of the detailed mechanisms of glucocorticoid actions on plasma cell differentiation, particularly the relationship with regulatory factors, including IL-21, Bilmp-1, and Bcl-6, is of interest. Prednisone, a classic intermediate-acting glucocorticoid, is a basic drug for SLE treatment in the clinic and has a higher proportion in maintenance therapy. In the present study, MRL/MpSlac-lpr (MRL/lpr) mice, which exhibit systemic autoimmune symptoms similar to human SLE, were used to investigate the regulatory function of prednisone on plasma cell differentiation.
Materials and methods
Animals MRL/MpSlac-lpr mice (female, 31±3 g, 8±1 weeks of age) were purchased from the Shanghai Laboratory Animal Centre (license: SCXK 2012-0002). Four to five mice were housed per cage under specific pathogen-free (SPF) laboratory conditions; the mice were fed a regular diet and clear water. All experiments were approved by the Ethics Review Committee for Animal Experimentation of the Institute of Clinical Pharmacology of Anhui Medical University.
Reagents
Dulbecco's modified Eagle's medium (DMEM) was purchased from Gibco Co (USA). Anti-mouse FITC-CD4, APC-CD3, PE-CD62L, PE-CD69, FITC-CD19, APC-CR2 (CD21), PE-CD23, PE-CD27, APC-CD38, PE-CD138, APC/Cy7-CD8, and PE-B220 antibodies were purchased from Biolegend, Inc (San Diego, CA, USA). Rat anti-mouse Blimp-1 primary antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-mouse Bcl-6 protein was purchased from Epitomics (Abcam Company, CA, USA). Mouse anti-mouse β-actin was purchased from ZSGQ-Bio Company (Beijing, China). The qPCR products were purchased from Promega Corporation (USA).
Grouping and treatment
The MRL/lpr mice were randomly divided into three groups: one model group (n=10) and two prednisone treatment groups (2.5 and 5.0 mg/kg, n=8 per group). Prednisone (Pre, purchased from Zhejiang Xianju Pharmaceutical Co, Ltd, China) was dissolved in 0.5% sodium carboxymethyl cellulose solution (CMCNa); the drug was intragastrically administered every day for 13 weeks when the proteinuria level of the MRL/ lpr mice reached 10 mg/100 mL. The mice in the model group were simultaneously treated with an equal volume of normal saline.
General observation signs
The mice were monitored every day, and the proteinuria levels were detected by the same individual to avoid subjective bias. The proteinuria levels were determined using semiquantitative Albustix paper (Guangzhou Huadu Biotechnology Co, Ltd, China) twice per week. The results were graded negative, trace, 3-10 mg/100 mL, 10-30 mg/100 mL, 30-100 mg/100 mL, or greater than 100 mg/100 mL and were scored 0, ±, +1, +2, +3, or +4, respectively.
The survival rate of the mice was determined during the 13 weeks of treatment. Humane endpoints were used during the survival study when the mouse met specific clinical criteria. The mouse was anaesthetized with 0.004 mL/g 10% chloral hydrate and was euthanized by cervical dislocation when it exhibited the following symptoms, which indicated that it was on the verge of death: pale lips, lackluster hair, swollen body, sluggish activity, and impaired appetite. These symptoms were typically accompanied by a high level of proteinuria (up to 30 mg/100 mL).
Analysis of the spleen and thymus indices
Following the final administration, the surviving animals were www.chinaphar.com Yan SX et al Acta Pharmacologica Sinica npg anaesthetized with chloral hydrate and were euthanized by cervical dislocation. Blood was collected from the orbit vein. The mouse spleen and thymus were dissected and weighed under sterile conditions. The ratios of the spleen and thymus weights to the mouse body weight represent the spleen and thymus indices (mg/10 g body weight), respectively.
Measurement of auto-antibodies and cytokines
The mouse blood was collected from the orbit after anesthetization, and the serum was separated from the blood via centrifugation for 10 min at 3000 r/min. The concentrations of serum anti-dsDNA antibodies (IgG), anti-nuclear antibodies (IgG), IL-21, and IL-10 in the individual subjects were determined using an ELISA kit according to the manufacturer's instructions (Cusabio Biotech Co, Ltd, China).
Detection of splenic lymphocyte subsets
The spleen was detached under sterile conditions, and the lymphocytes were collected. The cell suspension was isolated via density-gradient centrifugation using a mouse lymphocyte separation medium (Tianjin Haoyang Biological Manufacture Co, Ltd, China). The cells were then washed three times with PBS buffer. The lymphocyte suspensions (6×10 5 /tube) were stained in duplicate with the antibodies or isotype-matched controls, respectively. The samples were mixed gently, incubated for 20 min at 4°C, and subsequently analyzed using a flow cytometer. All flow cytometric analyses were performed with a FACSCalibur dual-laser cytometer (FC500, Beckman, USA) using Cell Quest TM acquisition and FlowJo V10 (Treestar, Ashland, OR, USA) software.
Blimp-1 and Bcl-6 mRNA expression level detection The total RNA from the spleen was prepared using TRIzol reagent. Reverse transcription was performed using a MyCycler TM Terminal Cycler (Bio-Rad Laboratories, Inc, USA). The cDNA was obtained using the following protocol: incubation for 5 min at 70°C, 5 min at 25°C, and 60 min at 42°C. The Blimp-1 specific sense primer is 5'-GAC-GGGGGTACTTCTGTTCA-3', and the antisense primer is 5'-GGCATTCTTGGGAACTGTGT-3'. The Bcl-6 specific sense primer is 5'-CTGCAGATGGAGCATGTTGT-3', and the antisense primer is 5'-CACCCGGGAGTATTTCTCAG-3'. The internal control GAPDH specific sense primer is 5'-GGT-GAAGGTCGGTGTGTGAAG-3', and the antisense primer is 5'-CTCGCTCCTGGAAGATGGTG-3'. qPCR for the two genes was performed using a StepOne TM Real-Time PCR System (Applied Biosystems) following the manufacturer's protocol. The qPCR protocol was performed as follows: 95°C for 2 min, 40 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s, reaction with 40 circles, and melting at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 min.
Blimp-1 and Bcl-6 protein detection by Western blot assay
The tissue was homogenized in precooled buffer that contained RIPA lysis buffer [50 mmol/L Tris-HCl, pH 7.4, 150 mmol/l NaCl, 10 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 mmol/L ethylene diamine tetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, and 1% sodium deoxycholate]. After centrifugation at 15 000 r/min and 4°C for 15 min, the total protein amount in the collected supernatant was measured using the BCA method (Thermo, CA, USA). The protein sample was mixed with 5×SDS-PAGE sample loading buffer (Beyotime Institute of Biotechnology, Shanghai, China) and heated in boiling water for 10 min. The samples were run on a 10% SDS-PAGE gel and transferred to a PVDF membrane (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk (blocking solution) at room temperature for 2 h, the PVDF membrane was incubated with anti-β-actin primary antibody (1:1000), anti-Blimp-1 primary antibody (1:400), or anti-Bcl-6 primary antibody (1:1000) overnight at 4°C followed by compatible HRP-conjugated secondary antibodies (Biosharp, Hefei, China) for 2 h at room temperature. The bands were visualized with an ECL kit (Thermo, CA, USA), and the multiplication of the intensity and area of the protein bands, which indicates the relative protein expression levels, were determined using ImageJ software.
Statistical analysis
The results are represented as the means±standard deviations (SDs) from an independent experiment and were plotted using GraphPad Prism v4 (San Diego, CA, USA). The statistical comparisons between the groups were evaluated via one-way ANOVA. The survival curves were plotted using the KaplanMeier method and examined for significance using the MantelCox log-rank test. P<0.05 was considered significant. SPSS (Statistical Package for the Social Sciences) 10.0 for Windows was used for data analysis.
Results
Effects of prednisone on the survival rate of MRL/lpr mice With increased age and exacerbated interstitial nephritis, the MRL/lpr mice gradually exhibited lackluster hair, sluggish activity and a high level of proteinuria. The first mouse death in the model group occurred during the 6th week of treatment, whereas the first mouse death in the prednisone (2.5 mg/kg) treatment group occurred during the 9th week. After 13 weeks of treatment, the survival rate decreased to 50.0% (5/10) in the model group. However, the survival rates of the mice in the treatment groups (2.5 and 5.0 mg/kg prednisone) were 75.0% (6/8) and 87.5% (7/8), respectively. The analysis of the survival rate data indicated that the model group exhibited an earlier mortality than the other groups, and the survival rate of the model group was the lowest at the end of the treatment period. Treatment with prednisone (2.5 and 5.0 mg/kg) was demonstrated to prolong the lifespan of the MRL/lpr mice and increase the survival rate; however, no significant difference was identified ( Figure 1A ).
Prednisone treatment improved proteinuria in MRL/lpr mice When the proteinuria level reached 10 mg/100 mL, prednisone was intragastrically administered to the mice. Figure 1B Effects of prednisone on spleen and thymus indices in MRL/lpr mice Splenomegaly and lymphadenopathy are typical symptoms in MRL/lpr mice. In this study, the spleen and thymus indices were assessed after 13 weeks of prednisone treatment. The spleens and thymuses of the MRL/lpr mice that received treatments were smaller than the control mice, and the spleen and thymus indices also markedly decreased after treatment with prednisone (5.0 mg/kg) ( Figure 2 ).
Effects of prednisone on serum auto-autoantibodies and cytokines in MRL/lpr mice The MRL/lpr mice exhibited a significantly higher level of autoantibodies, including anti-dsDNA antibodies and antinuclear antibodies (ANA). Treatment with prednisone (2.5 and 5.0 mg/kg) resulted in a substantial decrease in the serum ANAs; however, it had little effect on the anti-dsDNA antibodies. Importantly, prednisone decreased the high levels of IL-21 and IL-10 in the MRL/lpr mice, which guided the direction of our subsequent research ( Figure 3 ).
Effects of prednisone on the subsets of splenic lymphocytes in MRL/lpr mice
To investigate the effects of prednisone on B cells and plasma cells, the related B cell subsets were detected. The findings indicated that prednisone treatment (2.5 and 5.0 mg/kg) increased CD19 expression on B cells (mean 8.25% and 11.33% vs 5.67%) and significantly decreased the high percentages of plasma cell precursors and plasma cells ( Figure 4A, B) , which 
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-CD8 -) was significantly decreased after prednisone 5.0 mg/kg treatment in the In this study, the levels of Blimp-1 and Bcl-6 expression were detected via qPCR and Western blot. The findings indicated that Blimp-1 protein was mainly located in the red pulp part between the Malpighian corpuscles of the spleen, and Bcl-6 was also predominately expressed in the red pulp, as well as slightly in the white pulp of the spleen. Both Blimp-1 and Bcl-6 were expressed in the renal capsule of the kidney (data not shown). Prednisone treatment significantly decreased the splenic Blimp-1 and Bcl-6 mRNA levels ( Figure 6 ) and inhibited Blimp-1 and Bcl-6 protein production in the spleen; however, no significant changes in Blimp-1 or Bcl-6 protein expression were identified in the kidney as a result of prednisone treatment ( Figure 7 ).
Discussion
Excessive autoantibody secretion as a result of abnormal plasma cell differentiation may comprise the major pathogenesis of autoimmune diseases. In addition, many types of cytokines and transcriptional factors, such as IL-21 and Blimp-1, are involved in the plasma cell differentiation process [26] . Thus, it was beneficial to remit the disease via the regulation of relevant cytokines and transcriptional factors. Based on these findings, the inhibition of B cell differentiation into plasma cells provides a valid treatment strategy for autoimmune diseases. In MRL/lpr mice, high levels of plasma cell precursors, plasma cells and ANA, which were secreted by plasma cells, indicated that a substantial amount of B lymphocytes were abnormally differentiated into plasma cells. Prednisone treatment prolonged the lifespan of mice, decreased the level of IgG auto-antibody ANA secreted by plasma cells, reduced the high percentages of plasma cell precursors and plasma cells and increased the percentage of CD19 + B cells. These findings indicated that prednisone inhibited B cell differentiation into plasma cells and auto-antibody production. However, more importantly, prednisone exhibited little effect on the high level of IgG anti-dsDNA antibody in the MRL/lpr mice. Similar results have been reported in the treatment of SLE using other drugs, such as infliximab, monoclonal IgM anti-dsDNA antibodies, and the combination of cyclophosphamide and rituximab [27] [28] [29] . Additionally, a previous study [30] reported that the sensitivity of plasma cells to corticosteroid depends on the site where they reside. In the bone marrow and inflamed kidney, IgG-secreting anti-dsDNA plasma cells are resistant to corticosteroid treatment, which helps explain the unchanged level of anti-dsDNA antibody identified in our study.
Substantial evidence suggests that T lymphocyte and cytokines are involved in the differentiation of plasma cells. In mice with the MRL genetic background, the autosomal recessive gene lpr (Tnfrsf6lpr) is responsible for a syndrome characterized by the progressive accumulation of DN T cell populations in peripheral lymphoid tissues. The lpr mutation engenders substantially less expression of the Fas death receptor, which results in the accumulation, in lymph nodes and spleens, of numerous activated DN T lymphocytes that are not typically regulated by the Fas-mediated mechanism that controls mature T cell apoptosis [31] . Prednisone treatment could reduce the volumes of the spleen and thymus and decrease the percentage of DN T cells and activated T cells (CD4 + CD69 + ). The improvement of splenomegaly may be correlated with fewer DN T cell infiltration in the tissues [32, 33] . Furthermore, the percentage of the CD4 + CD62L + T subset in the mouse spleens was increased after prednisone treatment, which indicated that the number of naive T cells were significantly increased. This feedback may be correlated with decreased DN T cells and activated T cells (CD4   +   CD69   +   ) . Previous studies in mice have indicated a role for CD69 + T cells in the pathogenesis of autoimmune disease [34] . The genetic deletion of CD69 attenuates the secretion of IL-21 by CD4 + T cells [35] . Additionally, CD69 is a feature of cell accumulation in inflammation sites, and its level is relevant to IL-21 secretion. Thus, a high frequency of CD4 + CD69 + T cells suggests a continuous inflammatory process and a hyperactivated T cell stage. In conclusion, the hyper-interaction between T Figure 6 . Effects of prednisone on Blimp-1 and Bcl-6 mRNA expression in mouse spleen tissue. The total RNA from the mouse spleen (n=3) was extracted, and the cDNA was obtained using a reverse transcription kit. The expression levels of the two genes were detected using qPCR. The comparative analysis of the fold changes in Blimp-1 (A) and Bcl-6 (B) expression are shown. IL-21 is produced by CD4 + T cells (including Th17 and T FH cells) and mediates the differentiation and function of T, B, and NK cells through binding to its receptor [36] . Specifically, IL-21 is a pro-inflammatory cytokine that has the capabilities to simulate B cell proliferation, regulate B cell function, promote an Ig isotype switch, and encourage plasma cell differentiation and antibody secretion [37] . Overexpression of the Th2 cytokine IL-10 is associated with the manifestations of autoimmune lymphoproliferative syndrome and is a potent in vitro inducer of B lymphocyte differentiation, as well as an inhibitor of T helper lymphocyte and antigen-presenting cell function. Both IL-21 and IL-10 induce STAT-3 phosphorylation that leads to Blimp-1 expression, which is essential in the plasma cell differentiation process [38] . In addition, IL-21 activates JAK/STAT5 signaling to induce Bcl-6 expression [39] . Decreases in IL-21 and IL-10 after prednisone treatment would [26, 36, [40] [41] [42] ; thus, the changes and functions of these three factors in MRL/lpr mice were also investigated in our study. The increased IL-21 level in the serum, as well as the increased Blimp-1 and Bcl-6 expression levels in the spleen clarified the participation of IL-21, Blimp-1, and Bcl-6 in B cell differentiation into plasma cells. As reported by many studies, Blimp-1 is a key regulator of the promotion of plasma cell differentiation, and Bcl-6 is essential for germinal center development. The reciprocal antagonism between these two transcription factors can moderate B cell fate and further influence plasma cell formation. In our study, the Blimp-1 expression decreased after prednisone treatment, which was also analogous to previous studies [43] that indicated Blimp-1 siRNA inhibited B cell differentiation to plasma cells and prevented the development of lupus in mice. Thus, prednisone treatment can decrease Blimp-1 expression to inhibit excessive development of plasma cells in the spleen, which thereby contributes to a decrease in the auto-antibody level.
There are controversial opinions regarding Bcl-6 expression in autoimmune diseases. Bcl-6, which is present at high levels in germinal center B cells and T FH cells, moderates the differentiation of both T FH cells and GC-B cells; therefore, it acts as a master transcription factor for T cell-dependent immune responses in the GC [44] . Specifically, Blimp-1 induces B cell differentiation into plasma cells, and Bcl-6 impels B cells to differentiate into GC-B cells. At the final stage, the decreased GC-B cells and Bcl-6 level and the increased Blimp-1 expression ensures plasma cell differentiation. The balance between the two transcriptional factors is critical for the fate of B cell development [45] [46] [47] [48] . However, the Bcl-6 expression level in the spleen of MRL/lpr mice was increased, which appears to be contradictory to the mutually antagonistic effects of Blimp-1 and Bcl-6 [49] . In the MRL/lpr model mice, the high expression of Bcl-6 may be a result of an excessive amount of CD4 + CD69 + activated T cells and a high level of IL-21, which induces JAK/ STAT5 signaling. We hypothesized that the effect of IL-21 on plasma cell differentiation is derived from its capacity to increase Blimp-1 expression, whereas the increase in the Bcl-6 level may be crucial for the subsequent differentiation of GC-B cells into post-switched cells. In addition, increased Bcl-6 expression may also explain how IL-21 drives the differentiation of B cells into post-switch cells and plasma cells [46] . Prednisone regulates Bcl-6 expression to inhibit plasma cell differentiation. However, no significant changes were identified in Blimp-1 or Bcl-6 expression in the kidney after treatment. It is presumable that different tissues have different sensitivities to prednisone treatment [32] . In conclusion, prednisone, a basic drug that comprises an intermediate-acting glucocorticoid for SLE treatment, plays an important role in the differentiation of B lymphocytes into plasma cells via regulated T subsets, decreased pro-inflammatory cytokine levels and reduced expression levels of Blimp-1 and Bcl-6 in the spleen. These findings explained the therapeutic effect and potential mechanisms of prednisone for autoimmune disease treatment.
